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By Charles S, Btone, Sol Bakor, end Dugald 0. Black

SUMMARY

Tosts werc conducted to detormino tho effect cf seversl flight
vrrlables and soveral types of fuel agltation on fuol-vapor loss
from a fuel tank during flight. Dnita wore obt=ined from simlated-
flight tosts, in which tho effects of rate of climb, Altitude,
initinal fuol temperaturo, woathoring of fuel, and fuol aglitation
were lnvestlgated; and a corrolotion betwcen tho simulatod-flight
and actual-flight data was established.

Tho followirg conclusions wero roschod from the deta obtalned
from the simuleted-flight teate uaing AN-F-28, Amondmont-2, fuel:

1. ZFucl-vapor loss i:croased lineerly with altitude biyond o
critical altitudo. Somc small losscs, howevor, occurrcd beforo tho
critical al titudo was reached.

2. An incroaso in the initial fuel temverature sbovo 70° F
markedly incroasod fuel-vepor loss.

3. The rate of fuocl-vapor loss incroamsed with 2n incresso in
the rate of climb but the loas to any givon altitude increased only
8lightly wlth an increese in tho rate of climb of from 1000 to
4000 feot per mimite. (Tho losses duo to fuel foaming ovor at the
highor ratos of climb whon the fuel tarnk 1s filled close to its
capacity wero not investigatod.)

4, The rate of fuel-vapor loss was groetost during the climb
portion of the flight and was very small during the constant-
altitudo flight.
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5. The rate of fuel-vapor loss after the end of the climb
period increased with altitude but the loss during the constant-
altitude portion of the flight was small in comparison with the
loss during the eclimb,

6. Mechanical mixing of the fuel similar to that produced by
a sutmerged booster pump lncreased fuel-vapor loss, particularly
during the constant-altitude portion of the flight.

7+ Normal vibration in the wings and fuselage of the airplane
during flight had little or no effect on fuel-vapor loss.

8. Sloshing of the fuel in the fuel tank similar to that pro-
duced by airplane rocking markedly increased fuel-vapor loss.

9. Weathering of the fuel by successive flights showed that
fuel-vapor loss decreased with each succeeding flight.

10. The amount of fucl-vapor loss obtalned during simulated-
flight tests was in close agreement with the amount obtained during
an actual-flight test.

INTRODUCTTON

The fuel-vapor loss occurring through the vent of an aircraft
fuel tank during flight has becoma of great importance with the
advent of high-altitude, long-range military aircraft. This loss
represents an incrsase in the fuel consumed during flight and
results in a reduction of the cruising range or of the load-carrying
capacity of ths airplane.

The physical properties of fuels and the basic concepts per-
taining to fuel vaporization have been investigated in connection
with the vapor-locking of aircraft fuel systems, particularly by
Dr. 0. C. Bridgeman and his coworkers under the Coordinating
Research Council and W. 4. Curtis and R. R. Curtis of Thompson
Products Inc. Information is still lacking, however, as to the
effect of flight variables on fuel~vapor lors for a predetermined
flight poath.

This report presents the results of a series of simulated-
flight tests conducted at the MACA Cleveland laboratory at the
request of the Army Air Forces to determine the effects of flight
varistles, such as rate of climb, esltitude, initial fuel tempera-
ture, fuel agitation, and fuel weathering on the fuel-vapor losses
from a fuel tank. BEach varisble was studied indspendently, all
other variables being held constant during e=ch seriers of tests.
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T™he simlet%ed=flight tests were conducted with a small fuel tank
on a bench-test installation to facilitate instrumentation and han-
dling of the equipment during the tests. ¥light %tests were con-
ducted with a simllar installation in a twin-engine alrplane to
correlate the simlated~flight data with actual-flight data.

APPABATUS
Simulated-Flight Installation

By means of a eimulated-flight bench-test installation (fig. 1),
the fuel was subjected to conditlons simulating those encountered
during the fiizht of an alrplane from the ground to a predetermined
altitude. This installation consisted essentlally of a fuel tank
evacuated by vacuum pumps to prcduce a predetermined flight path.

The drum-type fuel tank was 10 inches in dlameter and 15 inches
in height (inside dimensions). The cylindrical portion of the tank
wag made of tranenarent plastic l/h irch thick and the ends were
made of transrarent plestic 1/2 inch thick. The tank wae completely
covered with felt insulation 1/2 inch thick. The tank was evacuated
by three vane—-type vacuum pumos, each with & capaclty nof 9 cubic
feet per minute, connected in parallel. The vent line between the

pumps and the tank was a reinforced flexible hose 1%-1nches in

inside dlameter and 5 feet in length. A solencid valve was placod
in the vent line just before the pumps. The loss of fuel was indil-
cated by & balance having a dial of 2-pound range graduated in
0.0l-pound units.

Representative temperatures at verious levels within the tank
were measured by five thermocouples spaced at 3§-inch vertical

intervals with the lowest thermocouple located 1/2 inch from the
bottom of the tank. These thermocouples, along with two others
that measured the heating-water and amblent-alr temperatures, were
connected to a self-balancing potentiometer through a selector
switch.

The fuel vapor leaving the tank could be condensed by a fuel-
vepor condenser consinting of a 6~ by 9~inch temperature regulator,
manufactured to Air Corps Specification No. 95-28139, and having
the ends modified to flt in the vent line. The temgerature wlthin
the fuel-vapor condenser wes maintained between -20° and -60° F by
circulating chilled kerosene at the rate of 3 gallons per minute
through the vassages around the tubes., By means of the fuel-vaoor
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condenser 1t wes posslble to maintaln higher rates of climb to
increased altitudes than could be obtained with the vacuum pumps
alone.

Changes in pressure exverienced by an alrplane climbing from
the surface of the earth %o a certaln altltude ~t varlous rates of
climb wers slmulatsd in the inatellation by means of a flizht-path
control. This control consisted of a vertical drum, rotating at a
constant svecd of 0.1 rtm, to which charts of the cdesired flight
pattern (pressure altitude vlotted against time in min) were
attached. The pressure within the fuel tan!rs was measured hy an
ebsolute~preecsure U~tube manometer mounted in front of the drum.
The pressure changes experionced by an airplane climbing to alti~
tude, therefore, could be produced in the tank by manua’ly control-
ling the air-bleed valves in the vent line so that the level of the
mercury column in the oper leg of the manomoter followed the nre—
determined flight math on the chart. The onen leg of tae manometer
was calibrated to eliminnte the posslbility of eorrors duc to dif-
ferences in the bore betwee: the legs of tne manometer. For this
roason 21l altitudcs reforrod *o in this rewort are vressure
altitules.

The AWl-F-2C, Amendment—-2, fuol uead during both the simuiated-
flight tents and the actual-flight terts was drawn from the gconeral
laborator;- supnlv end stored iz the test room in a 55-gallon drum.
Fuol was vithdrawn from the drum as required br disvlacing it with
wator. (B3ea fig. 1.) During tho simzlatod-flight tests the fuel
vasne’ (irectly from the drum throuzh a S~ by %@-inch temporature
rogulator before it ortored the tark. The temperature rcgulator,
built to Air Corps Svecification Fo. 25141, was mofified to wrovide
for the circulatior of wator at 120° F through the tubcs.

Flight Installation

Tho flight toets were conducted 1n a twin-engine airnlane
wit: the enbin modified to accommnodato equipa nt similar to that
of the berch-~tost installation. In orier to roproduce thec laborn-
tory conditions, a tank and & balance siwilar to thosc used in the
bonch tests wore irstalled in the airplanc. (Sce fig. 2.) The
tank vvas vexted to the ctmosohere tirough an SU-inch length of

rcinforcod flexibvle tubing of l%—inch inside diamotor counnccted

to an opering in the cabin wvinfow. A 2-inch satc valvo was located
in tho vent line 34 inches from the tank. Tho te mcraturos at fivo
pointes within the tark worc mcasured by rosistence-buld temsereture

i~dicators locatod at jihinch vortical intervals, with tho lowest
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indicator located 1 inch from the bottom of the tank. These resist-
ance bulbs, as well as one located in the vent line 5 inches above
the top of the tank, were connected to dial temperature indicators
in the instrument panel. Pressure measurements were obtained imme-
diately outside the opening of the vent line to the atmosphere, in
the vent line, and at the top of the fuel tank. These pressures
were recorded as a pressure differentisl with reference to atmos-
pheric pressure.

PROCEDURE
Simlated~Flight Tests

The procedure followed was similar for each simulated~flirht
test conducted, durlns each series of tests, all of the conditions
with the exception of the variable being studied were hel:l constant.
The simulated-flight test taken as tne standsrd was ol 90-minute
duration anJ consisted of a climb at the rate of 2000 feet per min-
ute to 35,000 feet and level flipht at this altitude to the end of
the test.

The fuel and water in the sealed storage drum were thoroughly
mixed before each test and the mixture was then allowed to separate
fer 10 minutes. The temperature of the water circulating through
the temperature regulator was then adjusted to approximately 120° F
in all tests except those in which the effect of initial fuel tem-
perature was investigated. With the solenoid valve in the vent line
closed, 1t pounds of fuel were transferred from the storage drum
through the temperature regulator to the fuel tank; the temperature
of the fuel entering the tank was approximately 110° ¥, In order
to adjust ihe temperature of the fuel to 110° F *0.5° F, hot or cold
water was circulated through the colls in the tank and, at the same
time, the fuel vas intermittently agitated by an electrically driven
propeller near the bottom of the tank. The pressure within the tank
was maintained at atmospheric pressure during the filling operation
only by means of a small drain cock in the vent line.

4ith the vacuum pumps operating, the test was started by simul-
taneously opening the solenoid valve in the vent line and starting
the drum of the flight.-path centrol to which a chart of the desired
flight path had been attachel. The balance dial rzading and the
temperatures indicated by the thermocouples were recorded just before
the beginning of the test, at l-minute intervals from 1 to 20 min-
utes, at 2-minute intervals from 20 to 30 minutes, and at S-minute
intervals from 30 minutes to the end of the test. A sample or the
fuel was obtained from the fuel tank before and after each test for
analysis by the A.5.T.ke distillation method.
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Flight Tests

The actual-flight tests followed essentially the procedure
used in the simulated-flight tests. In these tests the tank was

filled with 16% pounds of fuel and the vent opening was sealed.

The tank was then Installed in the airplane and the weight
rechecked before a fuel sample was withdrawn. With the valve in
the vent line closed, the temperature of the zasoline was raised
to approximately 110° F by circulating water at a temperature of
130° F through the colls. When the fuel had reached the desired
temperature, a second fuel sample was obtained and the tare weight
and the balarice dial reading were recorded.

The actual-flight path, with small unavoidsble devistions,
consisted of a climb at a rate of 1000 feet per minute to a
20,000-foot altitude, a climb at a rate of 650 feet per minute to
a 26,700-foot altitude, a half-hour flight at this altitude, and
a descent to the ground at 1000 feet per minute.

Flight data were recorded by photographing the instrument
panel and balance dial at timed irtervals during the test. FPhoto-
graphs were taken before leaving the hangar apron, just as the
wheels of the airplane left the ground at take-off, every 2 minutes
during the climb, every L minutes during the constant-altitude
flight, and every 2 minutes during the descent until the wheels of
the airplanc again touched ground. A final photograph and a fuel
sample were then taken with the vent closed and the engines turned
off.

Tests were conducted on the simulated-flight installation
simulating the same conditions that were encountered in the actual
flight.

ACCURACY OF RESULTS

't.e accuracy of the test resultc was dependent upon the repro-
ducibility of thez test conditions. Variables affecting the repro-
ducibllity of tests weru rucognized but could not be effectively
controlled during this investipation. The sources of urror con-
sidered to be greatest were given specizl attuntion, but it was
impossible to measure the quentitative effect of each scurce of
error independently or to recognize which source of error contri-
buted during any one test.

The groetest variation in test results was probably causcd by
air leaking into the tank through tne jeints and thc ssams of the
tank. As thc alr leaked into the tank and passed out through the
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vent, it carried with it a quantity of fuel vapor which, depending
upon the amount of air leakage, could appreciably affect the results
of the test. The fuel tank was checked for leaks before and after

each test and the results of the tests in which leakage was evident
were discarded.

The accuracy of the potentiometer used to indicate temperatures
may have had an effect on the test results. The potentiometer used
hed a random error of #1° F plus a possible inherent error of
$0.1 percent of the full-scale deflection of the instrument. With
a range of 800° ¥, the potentiometer thus had a possible error of
11.8° F. It was quite possible, therefore, that the initial fnel
temperature could have varied between 112° F and 108° F at the
beginning of each test, which would have resulted in a possible
difference in total fuel-vapor loss of *0.350 percent.

Recanse of conditions beyond the control of the operator, the
fuel often entered the tank at temperatures raneing from 105° F to
115° F instead of the desired temparature of 110° F 10.5° F. Owing
to this variation, it was necessary to adjust the temperature of
the fuel by circulating hot or celd water through the coils and
intermittently stirring the fuel with the submerged propeller. At
propeller speeds as lov as 1l0C rpm it was noted that bubbles were
formed along the trailing edmes of the propeller tlades. The
bubbles thus formed could be a result of air being released from
solution in the fuel or of fuel vapor bheing formed because of a
low-[ regsure area at the trailing edges of the propeller blades.
The fusl-vapor loss during this period of the test was checked on
several occasions and ir. each care was found to be negliglble.,

Inasmuch as the flight-path control was manually operated,
the accuracy of the instrument depended on the skill of the oper-
ator. Despite all the precautions taken, therefore, the pressure
within the tank could be controlled only to within Z0.1l inch of
mercury during the climb periods. During the constant-altitude
portions of the tests, the pressure conld be held to within
*0.0% inch of mercury.

It was found that the fuel-vapor loss was also affected by
the amblent-sir temperature, despite the fact that the test tank
was completely covered with 1/2-inch felt insulation. This effect
was indicated by a series of tests during which the fuel tank was
enclos=d in a box and the temj.erature of the air surrounding the
tank held constant at each of several pradectermined temperatures.
During the climb portions of the test when the highest rates of
loss were uxperlenced, the offcct of the ambient-air temperature
was not noticeable but it was readily evident during the constant-
altitude portion of the simmlated flight. A plot of the fuel-vapor
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loss occurring from the end of the climb to the end of the test
against the average ambient-air temperature (fig. 3) indicates a
linear variation of fuel-vapor loss with ambient-alr tempersasture.

The chief differences between the actual-flight tests and
the simlated-flight tests were in the methods of producing alti-
tude pressure within the tank and the differences in ambient-air
temperatures around the tank. In the simulated-flisht inestalla-
tion, altitude pressures were produced directly within the tank;
whereas, during the actual-flight test, altitude pressure existed
at the opening of the vent line to the ambient-air pressure outside
th2 airplane fuselage. The difference batween the pressure inside
the fuel tank and that of the outside atmosphere, however, was
never greater than 0.06 inch of mercury during the actual flight.
Durineg the flicht test the tank was covered with an additional
layer of 1/2-inch-thick felt insulation in an =ffort to obtain the
gane rate of hest transfer at the lower cabin temperatures as was
experienced during t'e simulated-flight test.

Erratiec scale rnadings daring the actual-flight tests were
obtained ags a resilt of the scolées being jarred 2t intervals owing
to the roughness of the flirht. At high altitude (26,700 ft) it
vias difficult tc maintain level flirht becsuse the airplane was
operatine near its service ceiling; as a result, the balance dial
oscillated Auring the interval of recovery after loss of altitude.
During the first part of the descent from level flipght at hiesh
altitude, tue operating conditions were changing, thus causing the
airr-lane to vibrate.

The effect of vent size, which is a flight variable in the
actual airplane, 4id not enter into this investigation inasmuch as
the pressure altitudes were reproduced within the tank and not at
the vent outlet,

RESULTS OF SIMUIATED-FLIRHT TESTS

The data obtained from a typical standard simulated flight
are shown in figures L, 5, and 6. Tigure L shows the fuel-vapor
loss, the average fuel temperature, and the average vapor temper-
ature above the fuel as a function of the flight time. The rate
of fuel-vapor loss plotted in figure 5 as n function of flight
time was obtzined by taking the slope of the fuel-vapor~loss curve
of firure Li. 'The change in the fuel characteristics due to the
sirulated flight 18 shown in fipure 6 where the A.5.T.H. distilla-
tion curves beforc and after the simulated flizht are compared.

b careful analysis of the two curves presented in figure 6 raveals
that the rre~test portion of the fuel lost is in the lower bolling-
roint reglor of the distillation curve.
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Rate of Climb

For the rate-of-climb tests the fusl in the tank was subjected
to simulated flights at rates of climb of 1000, 2000, and LOGO feet
per minute to an altitude of 40,000 feet. The results of these
tests (fig. 7) indicate that the rate of fuel—vapor loss is appar-
ently a function of the rate of climb. Replotting the data with
fuel~vapor loss as a function of altitude (fig. 8) indicates that,
at any given altitude, loss increased only slightly with increased
rate of climb for the rates tested (1/L percent per 1000 ft/min
between rates of climb of 1000 and 2000 ft/min; 1/8 percent per
1000 ft/min between 2000 and L4OOO ft/min). The losses due to fuel
foaming over at the higher rates of climb when the fuel tank is
filled close to its capaclity were not investigated.

Altitude

A linear vzriation of furl-vapor locs with altitude abtove some
critical altitude (the theoretical altitude at which fuel—vapor
loss begins) is shovm in firure 8. From the slope of the curve the
following formula can be derived for predicting the approximate
fuel-vapor loss for a climb to 3 given altitnle:

Z - 2,
1.9

I =

vhere
L fuel-vapor loss, percent
Z altitude, in 10720 feet

Z critical altitude, in 1000 feet (intersection of linear portion
of loss-against-altitude curve with base line, fig. 8)

Several simuleated flights were conducted, each at the same
rate of climb, but for each flight the climb ended at a different
altitude, which was maintained for a period of time. Simulated
altitudes of 10,000, 20,000, 30,000, and LO,000 feet were reached
by a climb of 2000 feet per minute. The total flight time was
65 mimites. The results of this series of tests are presented in
figure 9.

The fuel~vapor loss after the end of the climb perlod is pre—
gsented in figure 10. The increase in the rate of fuel-vapor loss
after the end of the climb perliod with increased altitude can be
noted and was probably caused by any one or a combination of the
following factors: (1) a short time was nceded for the system to
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como t0 cqullibrium at the new altitude pressure after the climb
period; (2) the evaporetion rate may have increesod with docreased
etmospheric preasure; and (3) if any air leaks were presont, the
orror causeod would have been magnified as the altitude was ircreased.

Initial Tuel Tomporeture

The cffcet of the initial fuel temporature on fuel-vavnor lons
was invostigateld by conducting zeveral tcste in which batchcs of
fuol at *nitial temperetures of 110°, 90°, 70°, 5C°, and 29° F were
subjectod to etandard simulated flights.

Becanse fuol-vaoor loas 1s a fuanctlon of tho fuel-vevor vree-
surc, vhich in turn is a function of fuel temporaturoc, decreaning
the fuel temuerature should rcduce the fuel-varor loss. (Soe
fig. 11.) DPerlotting the data rs fuel-vevor loss at the end of the
climb ngninst initial fuel temmorature (fiz. 12) indic=tes a rapid
linear iacreccsse in fuel-vepnr loas with increases in fuel te wera~
turcs sbove 70° F. The fuel-vevor losa during a climb to en alti-
tude of 30,000 foet at initial fuel tomperztures above 70° ¥,
thereforn, could =ossidly be nmredictod from tho following cquation
dorivod from the slome of the curvo of flgure 12:

L=K(T-T,)
whoro
L fuel—-vavor loass, pcrcont
T initial fuel temperaturs, °F
Te temeraturo above which loss varles linoarly with temporature
(the intorsection with tho baso line of theo linoar portion
of tho curve of fuel-vapor loss against initial fuel tompor—
aturo, fig. 12), °F
K conrtant (0.1% vorceat ver °F, from fig. 12)
Tais equation And figuro 12 irndlcazto thst procooling of the fuel
will aooraciably reduce the fucl-vrior loas.
Weathoring of tho Fuol
™e offect of weathoring of the fuol on fuol-vesor loss was

invostigatcd by submitting tho same tenlz of fuel to sovernl rucces—
sive standard simulnted flighte. Tae curves showing fucl-vaevor
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loss platted against flight time for three successive simulated
flights are presented in figure 13. Replotting the data to show
the -tobat -loss: atthe end of .each -similated. £1light. as.a.function

of the number of flights (fig. 1ll) indicates a linear relation with
the loss decreasing markedly for each successive slmulated flight.

Fuel Agltation

Several types of fuel agitation experienced in an aircraft
fuel tank during flight were individually reproduced during simu-
lated flights and thelr effect on fuel-vapor loss was determined.

Vibration. = In order to similate low—amplitude vibration
within the range experienced in the wing and fuselage of an air-
plane during flight (reference 1), the fuel tank was vibrated
vertically during a standard simulated flight by an alr-operated
vibrator attached to the tank, Vibrating the fuel tank at fre-
quencies of 168 and 120 cycles per second at amplitudes of 0.0009
and 0,0018 inch, respectively, had little, if any, effect on fuel-
vapor loss with no definite trend. (See fig. 15.)

Mechanical agitation. ~ In order to simulate the effect of
the turbulence created by the propeller of a submerged fuel booster
pump on fuel~vapor loss, a three-bladed propeller was installed in
the fuel tank of the simulated-flight installation and the fuel-
vapor loss durlng standard simulated flight was determined for

' several propeller speeds, The propeller, 2%-inches inldiameter and
driven by & modified booster~pump motor, was located 35 inches above

the bottom center of the tanke. The propeller blades were set at an
angle of 30° with the plane of rotation and were used to thrust the
fuel downward in one series of tests and upward in a second series
of tests., The results of the two series of tests (fig. 16) indi-
cate that, for the range of speeds investigated, the fuel-~vapor
loss increases with speed irrespective of the direction of thrust.
Plotting the fuel-vapor loss at the end of the standard simulated
flight as a function of propeller speed (fig. 17) shows that the
rate of fuel-vapor loss with speed for either direction of thrust
is the same, This increase in fuel-vapor loss with increased pro-
peller speed tends to substantiate the conclusion reached in ref-
erence 2 that agitation created by a propeller produces low-pressure
regions along the trailing edge of the propeller blades and at the
center vortex., The low-pressure regions produce vepors that should
result in increased evaporation of the fuel with increase in pro-
peller speed.

e e laal” A — -
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